The critical power corresponding to the Critical Heat Flux (CHF) or dryout condition is an important design parameter for the evaluation of safety margins in a nuclear fuel bundle. The empirical approaches for the prediction of CHF in a rod bundle are highly geometric specific and proprietary in nature. The critical power experiments are very expensive and technically challenging owing to the stringent simulation requirements for the rod bundle tests involving radial and axial power profiles. In view of this, the mechanistic approach has gained momentum in the thermal hydraulic community. The Liquid Film Dryout (LFD) in an annular flow is the mechanism of CHF under BWR conditions and the dryout modeling has been found to predict the CHF quite accurately for a tubular geometry. The successful extension of the mechanistic model of dryout to the rod bundle application is vital for the evaluation of critical power in the rod bundle. The present work proposes the uniform film flow approach around the rod by analyzing individual film of the subchannel bounded by rods with different heat fluxes resulting in different film flow rates around a rod and subsequently distributing the varying film flow rates of a rod to arrive at the uniform film flow rate as it has been found that the liquid film has a strong tendency to be uniform around the rod. The FIDOM-Rod code developed for the dryout prediction in BWR assemblies provides detailed solution of the multiple liquid films in a subchannel. The approach of uniform film flow rate around the rod simplifies the liquid film cross flow modeling and was found to provide dryout prediction with a good accuracy when compared with the experimental data of 16, 19 and 37 rod bundles under BWR conditions. The critical power has been predicted for a newly designed 54 rod bundle of the Advanced Heavy Water Reactor (AHWR). The selected constitutive models for the droplet entrainment and deposition rates validated for the dryout in tube were also found to perform well for the rod bundle under BWR conditions.
Introduction
The critical power is an important consideration for the thermal design of nuclear fuel bundle. The nuclear fuel bundle must be operated well below the CHF to allow for the operating flexibility and uncertainty in the prediction. Enormous amount of CHF data has been generated in the past and a number of empirical correlations on CHF have been developed for various experimental conditions. The applicability of these empirical correlations is within the range of their experiments. As of now, there exist more than 1000 correlations [1] just for a tube cooled by water which is due to the complex underlying mechanisms. Thus, under the reactor condition, the generation of the full scale experimental data is indispensable due to the limitations posed by the empirical approach as any change in geometry and operating conditions causes profound impact on the value of CHF. Since the CHF phenomenon is very much dependent on the two-phase flow pattern; it is possible to develop mechanistic models to achieve wider range of validity. Under the BWR conditions (high quality), the CHF is caused due to the progressive depletion of the liquid film over the heated surface (Fig. 1 ). This phenomenon is generally referred to as Liquid Film Dryout (LFD). The phenomenological (mechanistic) models for LFD have been suggested by various investigators. Representative models are due to Levy [2] , Saito et al. [3] , Katto [4] , Sugawara [5] and Hoyer [6] with different level of success. Over the years there have been significant improvements in the mechanistic prediction of dryout. Mechanistic prediction for a simple geometry has been found to be very good under BWR conditions as investigated by Utsuno et al. [7] and Chandraker et al. [8] .
There have been numerous efforts to predict the dryout in rod bundle also using the mechanistic approach. Codes like SILFEED [9.10,11] , FIDAS [12] , CAPE-BWR [13] , COBRA/BWR [14] etc. have been developed and compared with the experimental data achieving good accuracy. Whalley [15] predicted dryout in a bundle using rod centered subchannel approach. Another approach is to use the existing subchannel code as a driver tool which provides the subchannel conditions to the film dryout code. Adamsson et al. [16] adopted similar approach using film flow code MEFISTO. The MEFISTO tool demonstrated that decoupling of the dryout analysis from the subchannel code is a feasible option and this approach promises to accommodate complex situation like part length fuel, unheated wall etc. with enough flexibility.
The constitutive models for the droplet entrainment and deposition rates play an important role for the good accuracy of the dryout prediction and hence the models tested for tube under the BWR operating conditions [7, 8] has also been applied to the rod bundle in the present work using the subchannel conditions derived from the subchannel code COBRA-IV-I [17] . The lateral flow rate of the film on the rod is also an important aspect of the dryout modeling and the previous approaches mentioned above generally assume that the cross flow consists of vapor only and liquid contribution is negligible [15] . However, liquid film cross flow cannot be avoided as the rod is surrounded with the subchannel having different mass flux and droplet content. Whalley [18] assumed a uniform film flow rate with the rod centric subchannels. However, coolant centered subchannel represents better simulation for the varying subchannel conditions around the rod. The film flow on the rod has a strong tendency to be uniform as mentioned by Whalley [18] and Butterworth [19] .
In view of the above considerations, the present approach proposes the modeling of liquid film on the rod considering uniform flow around the rod allowing lateral cross flow of the films. Also, the validated constitutive models for the entrainment and deposition are important for the good accuracy of the dryout prediction. The constitutive models for the entrainment and deposition rates incorporated in the code FIDOM [7] for dryout prediction in a tube has also been employed in the extended version of this code (FIDOM-Rod) for the bundle application.
To validate the approach, the critical power test data for 16, 19 and 37 rod bundles has been compared with the prediction of FIDOM-Rod. The approach is found to yield good accuracy for the rod bundle under BWR conditions. Subsequently, the critical power of untested 54 rod bundle of AHWR has been predicted for various operating conditions. 
Assumptions for the LFD analysis
In the liquid film analysis, the conservation equations of mass and energy for the liquid film is solved. Since the film dryout modeling for a rod bundle utilizes the subchannel information derived from the subchannel code, certain assumptions are required to be made to simplify the analysis. 1) Each subchannel is assumed to behave like a tube considering cross flow and mixing as is done in the subchannel approach. 2) The mass flux, quality and the exchange of liquid and vapour between the subchannels is dictated by subchannel formulation. As the total liquid flow rate in the subchannel comprises the film flow rate and droplet flow rate, the droplet content in the vapour core changes axially depending on the deposition rate, entrainment rate and film evaporation rate in the subchannel.
3) The fuel rod experiences different entrainment and deposition rates circumferentially as it is facing different subchannel conditions ( fig. 2 ). Thus film flow rate around the rod need not be uniform but these segments of the films around the rod will have mass exchange also as they are not physically separated. However, the process of exchange of liquid film around the rod is a complex phenomenon and there is a strong tendency to achieve uniformity in the film flow rate in the circumferential direction as mentioned by Whalley [17] and Butterworth [18] . Hence, in the present analysis after the individual film flow calculations, the film flow rate is made uniform before proceeding to the next node. 4) The dryout is initiated when the film flow rate on any one the rods reduces to zero and the liquid film vanishes. It is assumed that at the onset of dryout of some part of the rod, the remaining wetted surface is also very close to dryout so that any small increase in power beyond the dryout would lead to complete dryout of the rod at a given axial location. This assumption leads to simplicity in calculation of the liquid film cross flow by making the film flow uniform before proceeding to the next node while preserving the mass balance for liquid and vapor content as calculated by the subchannel code.
Description of the models of the LFD analysis (FIDOM-Rod)
As discussed earlier, COBRA-IV-I [17] has been used as the driver module to determine the subchannel conditions and the film dryout code (FIDOM-Rod) is used for the film dryout analysis. COBRA-IV-I is a well established code which is used for the thermal hydraulic analysis of the nuclear rod bundle. It uses a mathematical model that considers both turbulent mixing and diversion cross flow between adjacent subchannels. Each subchannel is assumed to contain one-dimensional, two-phase, separated, slip flow. The models of COBRA-IV-I are given in the reference [9] . In general any subchannel code can be used to provide the local conditions of the rod bundle to the dryout code, FIDOM-Rod. The model description of the dryout module is given below.
The code FIDOM-Rod (Film Dryout Modeling in Rod Bundle) is the extended version of the code, FIDOM [8] which was developed and validated for a dryout in a tube. The code, FIDOM-Rod uses the subchannel conditions determined by the subchannel code and initiates the film analysis as soon as the annular flow pattern prevails in the subchannels. The modeling is based on the entrainment and deposition of the droplet in an annular flow regime. The important aspects of the modeling are the mass exchange at the interface between the liquid film and the vapour core region (Fig. 1) . The wavy characteristic of the interface leads to the entrainment of the droplet from the liquid film to the vapour core. The droplet deposition on to the liquid film also takes place causing the buildup of the liquid layer which enhances the film thickness. Another important aspect is the determination of the inceptions of the annular flow and of the droplet entrainment. In the code, FIDOM-Rod, the constitutive correlations for the entrainment, deposition and onset of annular flow have been considered which are same as that incorporated in the FIDOM. The conservation equations for the liquid film flow analysis and constitutive models for entrainment and deposition are described below.
Conservation equations for the LFD Module:
Mass balance of the liquid film (k) in a subchannel is given by
Liquid film mass conservation for the subchannel having ' n' liquid films
For the droplets in a subchannel surrounded by 'n' number of liquid films 
Thus the droplet flow rate in a subchannel is calculated from equation 4 using the results of subchannel module and dryout module. Thus the dropet flow rate is given by
For the gas
The loss of liquid due to evaporation of each film is taken into account in the liquid film dryout analysis (FIDOM-ROD) depending upon the rod peaking factor and axial peaking factor. However, the gas flow is dictated by the subchannel analysis code. Energy balance in a given subchannel is
After calculating the film flow rate in the rod surfaces for all the subchannels, the film flow rate around any rod is averaged circumferentially at each axial location before proceeding for the analysis for the next node. Thus film flow rate is averaged considering 'l' number of liquid film around the rod as given below.
Where, (w k lf ) updated is the updated value of film flow rate in the surface (k) of the rod. Mass Transfer equations: The mass transfer correlations for the entrainment and deposition of the liquid droplets proposed by Whalley [20] are given below. 
Where K is the mass transfer coefficient and C is the droplet concentration prevailing in subchannel. C eq is the liquid concentration at equilibrium which is related to the entrainment.
The droplet mass per unit volume is given by
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Where j g and j l are the superficial velocities for the gas and liquid droplets in the subchannel respectively. E is the entrainment fraction defined as the ratio of the entrained liquid droplets to the total liquid in the subchannel. The entrainment fraction in a subchannel is calculated considering the quality and the liquid film flow rate in the subchannel. This ensures that the cross flow information is passed on to LFD module in terms of the droplet concentration. The droplet entrainment fraction is the fraction of liquid entrained in the gas core defined by
Constitutive models for the deposition coefficient and entrainment rate
The constitutive correlations for the deposition coefficient and entrainment are the important for the dryout prediction and hence validated models for a tube (FIDOM) has been incorporated in the present approach. Entrainment Fraction at Equilibrium (Eeq): Modified form of the model for Ishii and Mishima [21] has been used. The modified form was proposed by Utsuno and Kaminaga [7] for the BWR operating range and diabatic conditions. 
Where We is the Weber number defined as The applicable range of this correlation is within a pressure of 3 to 9 MPa, entrainment Weber number, We of 2.6x10 2 to 8.3x10 4 and total liquid Reynolds number Re l of 5.4x10 2 to 3.5x10 5 Mass Transfer Coefficient or deposition Coefficient (K): The model of Paleev and Filippovich [22] was modified by Utsuno and Kaminaga [7] to achieve better prediction in the BWR operating range and diabatic conditions.
Re g is the Reynolds number for gas. The applicable range of pressure is at 6.9 Mpa but Utsuno and Kaminaga [7] could successfully predict the dryout in a tube over the range from of 3 to 9 MPa, C/ρ g of 0.6 to 6.8 and the gas Reynolds number Re g of 1.6x10 5 to 6.6x10 5 . Also, Chandraker et al. [8] predicted over the pressure range from 2.9-7.14 MPa for over 125 data points with a good accuracy.
This correlation was found to be comparable with that of Okawa et al. [23] even beyond the validity range of C/ρ g of Utsuno's model. The above correlations for the mass transfer and the equilibrium entrainment have been used in the FIDOM and its dryout prediction has been validated under the BWR conditions. Hence, the same correlations have been used for the FIDOM-Rod also for the critical power prediction in the fuel assembly of BWR.
The correlation proposed by Okawa [23] for the mass transfer coefficients is given below 0.5 0.0632
This is valid over the entire range of (C/ρ g ).
Inception of the entrainment of droplets:
When a gas phase is flowing over the liquid film, the interfacial wave grows with the increase of gas velocity. As the gas phase velocity is increased, a roll wave with large amplitude is generated. The droplet entrainment starts when the retaining force of the surface tension is exceeded by the interfacial shear force exerted by streaming gas flow. Ishii and Glormes [25] has suggested a simple model for Re lf >163 as follow:
Where μ N is a viscosity number given by
The onset of entrainment criterion is given as follow.
Where J g is the volumetric gas flux and J gc is the critical volumetric flux for gas for the entrainment inception.
Initial film flow rate at the onset of annular flow:
The initial entrainment fraction right after the transition to the annular-mist flow is assumed to be at equilibrium.
The equilibrium droplet concentration in a subchannel is given by
The total film flow rate in the subchannel at the onset of the annular flow gets distributed to the associated rod surfaces of the subchannel in the proportion of the surface area facing the subchannel.
Once the initial film flow rate is set at the onset of the annular flow rate, the flow rate of individual films on the rod and the droplet concentration depends on the film evaporation, entrainment and deposition. 
yout Criterion
Dryout criterion for the quality CHF relevant to conditions is generally on the vanishing of the flow on the rod. ver, there could be a ation of drypatches or ets due to the unstable ilm before the complete t. Previous investigations rms that such critical thickness at which dry es starts developing the heated rod is omenologically complex alyze and also, and the criterion of the complete film the prediction significantly as mentioned by Okaw lete vanishing of the liquid film has been considered a 42 a given assembly power using enthalpy and mass flux are the M). The location of the onset of hich is the starting point for the redicted for all the subchannels triggered for this rod. The initial plet concentration (Eqs. [24] [25] [26] . es each film in the subchannels poration rate depending upon the nalyzed swiping the entire cross axial location is made uniform quid films take place to maintain art of the rod (or the section with ms of the rod maintaining the total ate in each rod is examined and if yout is not attained, the power of n is obtained to feed the LFDA on is achieved. Fig. 3 shows the en the driver module, SCAM and disappearance is not expected to wa [25] . Hence, in this work, a as the criterion for the dryout. 
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16, 37 and 19 rod bundle and n literature [26, 27, 28] . Figs 4-6 ered for analysis, geometry and iven in Table 1 critical power onsidered for AHWR [29] which al water rod meant mainly for the bundle configuration with radial ntral water rod ID and channel y. The heated length is 3.5 m. Axial power factor exists a strong tendency for a film flow to be uniform around the rod. The prediction has been compared with the dryout data of 16 rod, 19 rod and 37 rod bundles having different configurations and peaking factors. Also, the constitutive models for the entrainment and deposition rates of droplets validated for a tube under BWR conditions have been incorporated in the computer code FIDOM-Rod for the dryout prediction. A good agreement between the predicted dryout power (critical power) and the experimental data indicates that the proposed approach is acceptable for the rod bundle modeling. Subsequently, the critical power of the untested 54 rod of AHWR has been determined. Important results of the analysis have been discussed in the following sections. Before proceeding for the prediction of the dryout for all the experimental conditions, a detailed analysis of the important parameters influencing the mechanistic prediction of dryout in the rod bundle has been carried out for a run no 7 of 16 rod bundle data [26] having heated length of 3.66 m which is same as that of the BWR . Fig 8.1 shows the mass variation in the subchannels. The subchannel no. 1, 3,5,6, and 9 representing different subchannel types have been considered to plot the important parameters like the entrainment fraction (E), droplet deposition or mass transfer coefficients (K), droplet concentration (C) in the subchannels, mass flux (m e ) of droplet entrainment from the film to the core and the deposition mass flux (m d ) onto the liquid film. The variations of some of these parameters are depicted in fig. 8.1 to 8.4 . It can be seen that the entrainment fraction ( fig. 8.2 ) is higher for the inner subchannels (1, 6, 9 in the plot) and tends to be less in the side and corner subchannels (3, 4, 5 in the plot) which can be attributed to the presence of unheated wall in the side and corner subchannels causing film flow to be higher in absence of any evaporation. The deposition coefficient ( fig. 8.3 ) also varies depending on the subchannel position having higher values for the side and corner subchannels. Fig. 8.4 show the total flow rate, steam flow rate, droplet flow rate and film flow rate in the central subchannel (No. 9) along with the individual films of the subchannels bounded by the rods. As expected that the steam flow rate increases and the film flow rate decreases progressively along the length of the subchannel and the droplet flow rate does not change significantly. This can be attributed to fact that in the annular flow channel, there is a strong tendency of the droplets and films to achieve equilibrium. This trend is similar for other subchannel. The presence of obstacles like spacer does change the mass flux in the subchannels due to the cross flow mixing. The enhanced deposition of droplets is also observed at spacer locations (shown by dotted lines) due to change in the subchannel mixing and cross flow as can be seen in the fig 8. 1. These subchannel mixing effect changes the liquid content of the subchannel also and since the dryout module determines the liquid film content, the droplet content is estimated by the differences in these fluxes. Hence, to some extent droplet deposition is enhanced in some of the subchannels. Fig. 9 .1 depicts the variation of film flow rate for each rod at the dryout condition. The critical rod (rod no. 3) initiating the dryout experiences a complete vanishing of the liquid flow rate. The dryout is initiated at the end of the rod due to uniform axial profile. The film flow rate on the unheated walls belonging to the subchannels 3, 4,5 7 and 8 is also shown in fig. 9 .2. The unheated wall in the subchannels 3 and 4 has higher film flow rate owing to the larger unheated perimeters in these subchannels.
Comparison with dryout data of 16 rod bundle:
Fig . 10.1 shows the comparison between the model prediction and the experimental data. A total of 27 data has been compared with the FIDOM-Rod. It can be seen that most of the data is predicted with deviations within ±10%. However, the deviation is higher for the case having low dryout quality (due to very high flow rate and/or high subcooling). In the present analysis the dryout power below 0.25% quality is predicted within ±20% accuracy. In the operating BWRs the normal operating quality is around 25% but the dryout quality is much higher (above/around 40%) depending upon the mass flux and inlet condition. Fig. 10.2 shows the scattering of data indicating high deviation of the prediction as the critical power increases which is due to the lower dryout quality (experimental data). The LFD model is applicable for the higher dryout quality having adequate length of the annular flow region (BWR range). Thus FIDOM-Rod prediction is expected to be within ±10% in the BWR quality (dryout) range.
The trend of critical power with the subcooling for different mass flux (500, 1000, 1500 and 2000 kg/m 2 s) is depicted in fig. 11 and compared with the mechanistic prediction of FIDOM-Rod. The prediction is found to be excellent for 500, 1000 and 1500 kg/m 2 s. As expected the film dryout model is applicable to high quality dryout as generally observed in the BWR. However, at very high subcooling the dryout quality is lower resulting in poor prediction as shown is fig 11. The sensitivity analysis for the nodalisation on the rod film flow rate was also carried out and It was found that the number of nodes above 30 provides the same film flow rate without any significant change. 
Comparison with dryout data of 37 rod bundle:
14 data of the experiments in 37 rod bundle were analyzed using FIDOM-Rod. Here again, most of the prediction is made within the accuracy of ±10% as shown in fig 12. The data with higher subcooling have smaller boiling length and hence the present model cannot predict very well. The liquid film dryout out model prediction is found to be very good for a longer boiling length as the annular flow conditions prevails for a longer length (BWR condition). The film flow rate over the rods is also shown in fig. 13 for the run no. 18. The configuration of this bundle is similar to that of untested 54 rod bundle having a central unheated rod.
Comparison with dryout data of 19 rod bundle:
For the 19 rod bundle also a good agreement is obtained in the present model. 
Comparison of the models for the droplet deposition coefficient:
Fig . 15 depicts the variation of deposition coefficient for representative subchannels of 37 rod bundle near the dryout (run no 18) for the correlation of Okawa [25] and Utsuno [7] . For certain operating conditions during dryout analysis, the subchannel conditions was found to be beyond the range of Utsuno's model and hence it was compared with the Okawa's model to confirm the trend beyond the range. It is found that Utsuno's model agrees well with the Okawa's model even beyond the range for high quality subchannels and Okawa tends to predicts lower for the low quality channels. In the present studies Utsuno's model has been used as it has been found to provide excellent dryout prediction for a tube under BWR condition [7, 8] .
Critical power prediction for the 54 rod bundle of AHWR:
Subsequent to the validation of FIDOM-rod, the prediction of critical power for the 54 rod cluster of AHWR has been carried out. Fig. 16.1 shows the variation of mass flux in the subchannels and fig. 16 .2 depicts the film flow rates on the rods at 150% power corresponding to 70 bar and 1000 kg/m 2 s. It is seen that subchannel 3, 5 and 12 has higher quality and rod 2 has the minimum film flow rate. Fig. 16.3 shows the film flow rate variation in the subchannels. The subchannels 2, 3, 5 and 12 surrounding the rod no 2 have the tendency to have lower film flow rate which results into dryout in this rod. Thus, the rod 2 is the critical rod (having maximum rod peaking of 1.36) of 54 rod bundle from dryout consideration. subsequently the increase is not significant upto 1400 kg/ms 2 s beyond which there is a tendency to increase further. The critical power ratio was found to be 1.52 for the mass flux of 942 kg/m 2 s which is the flow under normal operating condition. Since the mass flux of the bundle reduces with the reactor power, the critical power of a reactor will be less than 1.52. Fig. 17 also shows the reduction in the channel flow rate as the power is increased. The interaction of these two graphs indicates the operating point at the critical power of the bundle. The critical power ratio the bundle has been determined to be 1.49. Thus the proposed approach of uniform film flow assumption around the rod is expected to provide a reasonable prediction for this untested 54 rod bundle. The approach will be further validated with the full scale test data of 54 rod bundle once the dryout experiments is conducted in the facility being constructed in BARC.
Conclusion:
The following conclusion can be made in the present work.
1) The dryout modeling of the rod bundle using the liquid film analysis in the annular flow is found to agree well (within ±10%) with the data of 16, 37 19 and rod assemblies under BWR conditions. Thus the concept of dryout modeling in a tube can be extended to the rod bundle also using the local conditions determined by the subchannel code.
2) The validation of FIDOM-Rod confirms that uniform liquid film flow rate around the rod can be considered for the mechanistic prediction of the dryout in the rod bundle. The validation of this approach is limited in the literature. The cross flow modeling of the liquid film in the rod is an important aspects of mechanistic prediction in the rod bundle and in absence of appropriate approach for the complex phenomena of the liquid film cross flow in the subchannels, the proposed approach can be employed for dryout modeling in the bundle.
3) The deposition model and entrainment model selected for the CHF in tube has also been found to be adequate for the rod bundle under BWR conditions. This shows that subchannel is a good representation of the tube for the liquid film dryout analysis when cross flow and inter subchannel mixing is accounted in the analysis.
4) The trend of the critical power with the inlet subcooling agrees well with the data and it increases almost linearly with increase in the subcooling.
5) The mechanistic model has been applied to the untested 54 rod bundle of AHWR. The rod no. 2 in the middle ring of the bundle seems to experience the dryout. The critical power ratio has been found to be 1.49 while accounting for the channel flow reduction at the CHF as compared to flow corresponding to the normal power. Unlike the MCHFR approach, the CPR approach indicates absolute power margin available in the bundle. Considering the margins required for the operating flexibility and associated uncertainties, there is a possibility of power enhancement in 54 rod bundle from the CHF consideration.
6) Even without the spacer model, significantly good dryout prediction was obtained in the present approach for the rod bundles under BWR conditions considered in this study. The enhancement of the droplet deposition due to spacer is highly geometric dependent and models developed are proprietary in nature. Incorporation of the spacer effect is expected to improve the prediction of dryout.
7) The good prediction accuracy of FIDOM-Rod without incorporating the spacer model could be due to the proposed approach of the uniform film flow around the rod and it seems that this approach to some extent simulated the tendency of the spacers to distribute the film over the rods. This needs to be further confirmed by validating with other dryout data for different bundle configurations. Also, the subchannel module considers the cross flow mixing due to the spacer and the dryout model changes the droplet concentration depending upon the liquid film as determined by the dryout module. However, to capture the spacer with the swirling vanes, more intensive CFD near the spacer is needed as the liquid droplet deposition is enhanced considerably. The droplet deposition rate can be analyzed with detailed analysis in the vicinity of the spacers which can be plugged into the FIDOM-Rod. 8) Since the present approach predicts the critical power within the accuracy of ±10% for the BWR rod assemblies the approach can be followed at the design stage to study the effect of rod configuration, radial and axial peaking factors and other operating parameters like inlet subcooling and flow rates on the critical power and hence the safety margins available in the bundle. The full scale test on the rod bundle can be used to tune the code to further improve the prediction.
